Epithelia within tubular organs form and expand lumens. Failure of these processes can result in serious developmental anomalies. Although tight junction assembly is crucial to epithelial polarization, the contribution of specific tight junction proteins to lumenogenesis is undefined. Here, we show that ZO-1 (also known as TJP1) is necessary for the formation of single lumens. Epithelia lacking this tight junction scaffolding protein form cysts with multiple lumens and are defective in the earliest phases of polarization, both in two and three dimensions. Expression of ZO-1 domain-deletion mutants demonstrated that the actin-binding region and U5-GuK domain are crucial to single lumen development. For actin-binding region, but not U5-GuK domain, mutants, this could be overcome by strong polarization cues from the extracellular matrix. Analysis of the U5-GuK binding partners shroom2, α-catenin and occludin showed that only occludin deletion led to multi-lumen cysts. Like ZO-1-deficiency, occludin deletion led to mitotic spindle orientation defects. Single lumen formation required the occludin OCEL domain, which binds to ZO-1. We conclude that ZO-1-occludin interactions regulate multiple phases of epithelial polarization by providing cell-intrinsic signals that are required for single lumen formation.
INTRODUCTION
The ability to form and expand lumens is an essential characteristic of epithelia within tubular organs, such as kidneys and intestines, and is indispensable to their function. Such lumens are lined by a monolayer of intimately connected polarized epithelial cells in which apical surfaces face the lumen and basal membranes interface with the underlying basement membrane. Lumen formation can be modeled using Madin-Darby canine kidney (MDCK) cells embedded in extracellular-matrix-like gels. When a single cell suspension of MDCK cells is embedded in these gels, cells proliferate and self-organize into well-polarized cysts containing a single hollow lumen.
Initial cues for epithelial polarization, relative to both the lumen and adjacent cells, occur through integrin-mediated signals from the extracellular matrix, which trigger directional membrane trafficking as early as the first cell division (Bryant et al., 2010; O'Brien et al., 2001; Yu et al., 2005b) . The molecular composition of the extracellular matrix can determine both the rate of epithelial polarization and mechanism of lumen formation, but cellular machinery is also known to regulate lumen formation (Martín-Belmonte et al., 2008) . The first sign of apical-basal polarization is the formation of the apical membrane initiation site (Bryant et al., 2010) . This is followed by the formation of a pre-apical patch (PAP) that is demarcated by tight junctions and, through fluid accumulation and membrane repulsion, expansion to form a lumen (Bagnat et al., 2007; Bryant et al., 2010) . Genesis of a single lumen requires coordination of polarized cell division Jaffe et al., 2008; Qin et al., 2010) , fluid accumulation (Bagnat et al., 2007) , membrane delivery (Weis et al., 2016) and a balance between the kinetics of proliferation, apoptosis and polarization (Cerruti et al., 2013; Martín-Belmonte et al., 2008) . These cellular processes are highly regulated and do not occur in isolation. For example, if another cell division occurs before the apical surface is defined through membrane trafficking, the apical membrane will be aberrantly placed and result in formation of multiple lumens. Indeed, some proteins known to orchestrate single lumen formation, such as Cdc42, have been implicated as key regulators of polarization, apical membrane trafficking and mitotic spindle orientation (Bryant et al., 2010; Jaffe et al., 2008; Martín-Belmonte et al., 2007 .
The assembly of tight and adherens junctions at the edges of the pre-apical patch suggests that junctional proteins might be essential to cyst polarization. This is consistent with the placement of tight junctions at apicobasal interfaces in mature epithelial monolayers (Bryant et al., 2010) as well as with the association of many polarity proteins with the apical junctional complex and barrier development (Schluter et al., 2009; Shin et al., 2005; Straight et al., 2004) . Tight junction proteins might, therefore, contribute to lumen formation. Although this has been studied to only a limited degree (Bagnat et al., 2007; Sourisseau et al., 2006; Tuncay et al., 2015) , one report has demonstrated an essential role for claudin-15-mediated increases in paracellular permeability in lumen expansion (Bagnat et al., 2007) . This is a well-understood process given that claudin-15 and related claudins form paracellular pores that conduct Na + (Amasheh et al., 2002; Colegio et al., 2002; Furuse et al., 2001; Van Itallie and Anderson, 2006; Weber et al., 2015) . However, contributions of structural tight junction proteins that do not form conductance pathways, such as the intracellular scaffolding protein zonula occludens-1 (ZO-1; also known as TJP1) Stevenson et al., 1986) , have not been fully characterized.
ZO-1 is the founding member of the ZO family that also includes ZO-2 and ZO-3 (also known as TJP2 and TJP3, respectively). Each of these proteins contains multiple domains with numerous known and putative binding partners Jesaitis and Goodenough, 1994; Stevenson et al., 1986; Van Itallie et al., 2013) . Despite structural overlap, ZO-family proteins are functionally non-redundant, as demonstrated by the embryonic lethality of mice lacking either ZO-1 or ZO-2, but not ZO-3 (Katsuno et al., 2008; Xu et al., 2008) . Although ZO-1 knockdown reduces the paracellular barrier to macromolecular flux and alters cortical actin organization, distinct apical and basolateral domains are well formed in ZO-1-deficient monolayers grown in two dimensions (Fanning et al., 2012; Ikenouchi et al., 2007; Rodgers et al., 2013; Umeda et al., 2006; Van Itallie et al., 2009) . We hypothesized that growth in three dimensions, as occurs in vivo, might be a more demanding context that could reveal new ZO-1 functions. Herein, we show that ZO-1 is necessary for single lumen formation in three-dimensional (3D) cultures. Domain analysis reveals that ZO-1 U5-GuK-mediated interactions are particularly important for lumen formation. Of the known U5-GuK binding partners, only the transmembrane tight junction protein occludin is necessary for formation of a single lumen. Both ZO-1 and occludin regulate the orientation of cell division within epithelial cysts to control the formation of a single lumen. Occludin, but not occludin lacking the OCEL domain, which interacts with the ZO-1 U5-GuK domain, restored single lumen formation. These data show that ZO-1 acts as a cytosolic scaffold to orchestrate single lumen formation during 3D morphogenesis through direct interactions with occludin and the cytoskeleton.
RESULTS

ZO-1 is required for lumen morphogenesis
To assess the role of ZO-1 in epithelial morphogenesis, ZO-1-sufficient (WT) and ZO-1-knockdown (KD) MDCK cells were grown in 3D collagen gels (Fig. 1A) . At 11 days after plating, >90% of WT cells had formed well-polarized epithelial monolayers surrounding single hollow lumens (Fig. 1B) . As previously reported (Martín-Belmonte et al., 2008) , many WT cysts displayed a multilumen phenotype at early time points that was progressively replaced by single lumen structures. In contrast, nearly half of ZO-1 KD cysts failed to form a discernable lumen within 4 days of plating (Fig. 1A,B) . Lumens did eventually form, but most ZO-1 KD cysts had multiple lumens that persisted at day 11 (Fig. 1A,B) . Some multi-lumen phenotypes observed in collagen gels are corrected by an extracellular matrix with strong external polarization cues, such as laminin-rich Matrigel (Lin et al., 1999; Martín-Belmonte et al., 2008) . This did not, however, correct the multi-lumen phenotype of ZO-1 KD cysts (Fig. 1B,C) .
Despite aberrant lumen development, single cell polarization was similar in mature cysts that had been generated from WT or KD cells; F-actin, podocalyxin (gp135; also known as PODXL) and atypical PKCζ (aPKCζ) were recruited to luminal surfaces, whereas E-cadherin localized to the lateral cell-cell contacts in mature cysts of both cell types ( Fig. 1A,C; Fig. S1A ). These data indicate that ZO-1 loss can be overcome to establish polarity within individual cells, but that ZO-1 is necessary for both morphogenesis and polarization at the tissue level.
ZO-1 is necessary for efficient epithelial polarization and barrier formation in 2D cultures ZO-1 KD cells that had been grown in 3D culture displayed a striking multi-lumen phenotype typical of epithelia with polarization defects (Martín-Belmonte et al., 2008). Mature ZO-1 KD monolayers have not, however, been reported to have polarization defects when grown in 2D culture (Fanning et al., 2012; Ikenouchi et al., 2007; Rodgers et al., 2013; Umeda et al., 2006; Van Itallie et al., 2009 ). We assessed polarization in 2D cultures by measuring protein localization and barrier development using a Ca 2+ -switch assay, which synchronizes the process. Upon Ca 2+ repletion, WT monolayers developed transepithelial electrical resistance (TER), a measure of barrier function, in a manner characteristic of MDCK II cells. TER peaked within 12 h and then decreased to a steady state of <50 Ω*cm 2 within 36 h ( Fig. 2A) . In contrast, KD monolayers increased TER slowly and did not achieve a clear peak, although the ultimate steady-state TER was nearly identical to that of WT monolayers ( Fig. 2A) . This suggests that polarization and tight junction assembly are delayed in ZO-1 KD cells.
Expression and localization of occludin, aPKCζ, the apical polarity protein PATJ and E-cadherin were also assessed. Expression of aPKCζ and PATJ was stable during polarization and similar in WT and KD monolayers (Fig. 2B,C) . In contrast, expression of occludin and E-cadherin, which bind to ZO-1 through direct and indirect interactions, respectively, were increased in KD monolayers, particularly during the first 24 h after Ca 2+ repletion, when the TER of KD and WT monolayers was most different ( Fig. 2A-C) . Before Ca 2+ repletion, PATJ and occludin were concentrated in intracellular pools, whereas E-cadherin formed a ring at the cell periphery in both WT and KD cells. Both occludin and PATJ were recruited to straight nascent tight junctions in WT monolayers within 1 h of Ca 2+ repletion (Fig. 2D , yellow arrowheads). Within 3 h, these junctions developed undulations that were characteristic of MDCK II monolayers. In contrast, recruitment of both occludin and PATJ to the tight junction was retarded in KD monolayers (Fig. 2D,E) . Although recruitment of both proteins increased over time, tight junctions remained straight, junctional occludin was discontinuous and cytoplasmic PATJ persisted in ZO-1 KD monolayers. In contrast, adherens junction assembly, as assessed by E-cadherin recruitment to basolateral cellcell contacts, was similar in WT and KD monolayers (Fig. 2D,E) . Because the quantitative morphometry analysis assessed the fraction of total fluorescence at the junction, these differences in recruitment were not due to differences in protein expression.
Proliferative imbalance contributes to the multi-lumen phenotype of ZO-1 KD cysts ZO-1 has multiple potential functions that could result in multilumen cysts, including regulation of proliferation and apoptosis. These processes are crucial to lumen formation in cells grown in collagen gels, where polarization occurs slowly and multi-lumen intermediates resolve to single-lumen cysts through central cell apoptosis (Lin et al., 1999; Martín-Belmonte et al., 2008) . We asked if these central cells might be resistant to apoptosis in ZO-1 KD cysts. However, apoptosis rates were low and similar in both WT and KD cysts at all developmental stages (Fig. S2A,B) . We then considered the hypothesis that persistent proliferation might lead to multiple lumens in ZO-1 KD cysts. Consistent with this idea, ZO-1 KD cysts displayed higher proliferative rates than WT cysts at middle and late (e.g. days 8 and 11), but not early (e.g. day 4), times during cyst maturation (Fig. 3A,B) . Morphological analyses indicated that, among the multi-lumen WT and KD cysts present at day 8, ∼70% of proliferating cells were peripheral in WT cultures whereas only ∼55% were peripheral (i.e. 45% were central) in KD cysts (P<0.05; Fig. 3C ). This balanced distribution of proliferating cells at peripheral and central sites of ZO-1 KD cysts persisted to at least 11 days post plating, but could not be assessed in WT cysts owing to the loss of central cells at later times. Importantly, the multi-lumen phenotype and increased levels of proliferation were not due to a developmental delay in KD cysts, as extended growth (18 days) did not correct the multi-lumen phenotype and actually increased lumen number (Fig. S2C) .
Consistent with increased proliferation of KD cells in 3D culture, growth curves of cells grown in two dimensions indicated that development of contact inhibition was delayed in ZO-1 KD cells, which continued to proliferate long after WT cells had achieved steady state cell densities (Fig. S2D) . The enhanced proliferation of ZO-1 KD cells in 2D cultures could be abrogated by transfer to reduced serum (2.5% FBS) medium 4 days after plating (Fig. S2D ). We applied the same approach to 3D cultures, reasoning that reducing concentrations of serum-derived growth factors would reduce proliferation in 3D cultures in a manner similar to that observed in 2D cultures. Consistent with this, replacement of medium containing 10% serum with medium containing only 2.5% serum at day 4 after plating more than doubled the number of singlelumen cysts in ZO-1 KD cell cultures (Fig. S2E) . A smaller increase in the number of single-lumen cysts formed by WT cells was also seen after transfer to reduced serum medium. These data indicate that proliferative imbalance contributes to, but is not entirely responsible for, persistence of multiple lumens in ZO-1 KD cysts. The data also indicate that excessive growth stimulation could be a factor that contributes to the small number of multi-lumen cysts formed by WT cells.
ZO-1 depletion results in macromolecular barrier deficits in 3D culture
In contrast to cells grown in collagen gels, cells grown in Matrigel receive strong polarization cues, which trigger rapid development of a single lumen. The lumen then expands owing to fluid accumulation that partially depends on claudin-15, which forms paracellular Na + pores to establish an osmotic gradient and draw water into the lumen (Bagnat et al., 2007; Bryant and Mostov, 2008) . In contrast to the size-and charge-selective paracellular pathway established by claudin-15 expression, relatively sizeselective and charge-non-selective increases in paracellular flux are induced by ZO-1 KD Fanning et al., 2012; McNeil et al., 2006; Van Itallie et al., 2009) . Thus, although claudin-15 expression, which restores lumen formation, and ZO-1 KD, which induces multi-lumen formation, both increase paracellular permeability in 2D cultures, the size-and chargeselectivity of these changes differ. Notably, the MDCK II cells studied here express endogenous claudin-2, which forms a paracellular cation channel and dispenses with the requirement for claudin-15. To assess barrier function in 3D culture, cysts were loaded with small (Lucifer Yellow) and larger (3-kDa Texas-RedDextran) inert probes. Leak of both dyes from the lumen was significantly greater in ZO-1 KD, relative to WT, cysts (Fig. 3D ), suggesting that, as reported in 2D cultures (Van Itallie et al., 2009), ZO-1 KD increases paracellular permeability in 3D cultures in a relatively size-non-selective and charge-non-selective manner.
It is possible that the defective barrier of ZO-1 KD cysts limits the development of osmotic gradients that are necessary to sufficiently inflate a single lumen. We therefore hypothesized that ZO-1 KD cysts might contain a single collapsed lumen that only appears to be multiple lumens. To test this, cysts were perfused with hypotonic medium to induce luminal expansion (Fig. 3E ). ZO-1 KD cysts displayed a small, but significant, increase in the rate of swelling, relative to WT, 20-40 min after initiation of hypotonic perfusion, consistent with the observed paracellular barrier deficits. After 120 min, however, the cross-sectional area of both WT and KD cyst lumens had increased to similar extents, to ∼300% of the initial area. Further, interluminal septae in ZO-1 KD cysts persisted, indicating that the multi-lumen phenotype is not merely a consequence of an inadequately expanded single lumen. Consistent with this, ZO-1/ZO-2 double-KD cells, which have a more severe paracellular barrier phenotype than ZO-1 single KD cells (Rodgers et al., 2013; Spadaro et al., 2014; Van Itallie et al., 2009) , formed single-lumen cysts ( Fig Multiple ZO-1 domains contribute to the genesis of singlelumen cysts
Protein-protein interactions mediated by multiple ZO-1 domains contribute to tight junction assembly and barrier function ). We therefore hypothesized that specific domains might be necessary for ZO-1 control over lumenogenesis. We tested this by expressing EGFP-tagged full-length and mutant ZO-1 in KD cells through an inducible promoter (Fig. S3A ,B). EGFP alone had no effect on lumen generation in either collagen or Matrigel, whereas KD cells expressing full-length EGFP-ZO-1 formed well-polarized cysts with single lumens in both matrices (Fig. 4A,B) . EGFP-ZO-1 lacking the actin binding region (ABR; EGFP-ZO-1 ΔABR ) (Fanning et al., 2002) was able to restore the single-lumen phenotype in Matrigel, but with reduced efficiency relative to full-length EGFP-ZO-1 ( Fig. 4A,B ; P<0.03). In contrast, EGFP-ZO-1 ΔABR was unable to restore single-lumen development when cells were grown in collagen gels (Fig. 4A,B) , indicating that the ZO-1 ABR mediates morphogenetic processes that can be partially overcome by strong extracellular polarity cues.
Expression of EGFP-ZO-1 that lacked the U5-GuK domain (EGFP-ZO-1 ΔU5-GuK ), which mediates interactions with multiple proteins, failed to correct the multi-lumen phenotype in either Matrigel or collagen (Fig. 4A,B) . Moreover, 22%±3% of EGFP-ZO-1 ΔU5-GuK -expressing cells formed solid spheres when grown in Matrigel (Fig. 4A,B) . Immunostaining for claudin-1, occludin and ZO-2 in mature cysts revealed altered tight junction organization when comparing ZO-1 KD cells that expressed EGFP or EGFP-ZO-1 ΔU5-GuK to those expressing EGFP-ZO-1 or EGFP-ZO-1 ΔABR (Fig. 4C ). Although claudin-1 and occludin were recruited to tight junctions and basolateral membranes in cysts that expressed EGFP-ZO-1 or EGFP-ZO-1 ΔABR , recruitment of both claudin-1 and occludin was deficient in cysts that expressed EGFP or EGFP-ZO-1 ΔU5-GuK (Fig. 4C ). ZO-2 colocalized with all forms of ZO-1, including EGFP-ZO-1 ΔU5-GuK aggregates, but was diffusely distributed in ZO-1 KD cysts that expressed only EGFP (Fig. 4C ). In contrast, neither ZO-1 KD nor expression of full-length or mutant forms had marked effects on the distribution of aPKCλ, gp135 or α-catenin in mature cysts (Fig. 4C ). These data indicate that interactions mediated by the U5-GuK domain of ZO-1 are particularly crucial in orchestrating tight junction organization and lumen formation in 3D cultures, whereas effects on polarity and apical or basolateral proteins -i.e. aPKCλ, gp135 and α-catenin, respectively -were limited. The contrasting effects of ABR-and U5-GuK-deletion mutants on cyst development further indicate that the protein interactions mediated by these domains have distinct functions during epithelial organogenesis.
ZO-1 U5-GuK-domain-mediated interactions are necessary for epithelial polarization and paracellular barrier function in 2D culture
To better define the contributions of the ABR and U5-GuK domains to epithelial polarization, we returned to 2D Ca 2+ -switch assays. When cultured in doxycycline, each line developed TER in a manner similar to the parental ZO-1 KD cells (Fig. S3C) , confirming that the monolayers were similar to one another in the absence of ZO-1 expression. Induction of free EGFP expression had no effect on barrier development (Fig. S3C) . Expression of either full-length EGFP-ZO-1 or EGFP-ZO-1 ΔABR increased the peak TER, although this was 20%±1.0% greater in monolayers that expressed full-length EGFP-ZO-1 relative to those expressing EGFP-ZO-1 ΔABR . This suggests that ABR-mediated interactions play a role in initial barrier formation, consistent with their established role in barrier regulation (Yu et al., 2010) . In contrast, induction of EGFP-ZO-1 ΔU5-GuK expression reduced the TER relative to that in uninduced controls (Fig. S3C) .
In 2D cultures, free EGFP diffused throughout the cytoplasm, EGFP-tagged full-length ZO-1 and EGFP-ZO-1 ΔABR were concentrated at tight junctions, and EGFP-ZO-1 ΔU5-GuK was located at tight junctions and in discrete cytoplasmic punctae (Fig. 5) . EGFP-ZO-1 ΔU5-GuK expression markedly enhanced ZO-2 recruitment to tight junctions (Fig. S3D ), but the distributions of occludin, claudin-1 and α-catenin were unaffected in mature monolayers (Fig. S3D) . ZO-2 recruitment in monolayers that expressed EGFP-tagged full-length ZO-1 or EGFP-ZO-1 ΔABR was similar to that in ZO-1 KD cells (Fig. S3D) .
Consistent with the observed effects on TER development, morphological features of tight junction assembly were accelerated through expression of either full-length EGFP-ZO-1 or EGFP-ZO-1 ΔABR in ZO-1 KD monolayers, with occludin and PATJ recruitment to nascent tight junctions detected within 1 h of Ca 2+ repletion ( Fig. 5 ; Table S1 ). In contrast, occludin and PATJ recruitment was not apparent until 3 h after Ca 2+ repletion in monolayers that expressed free EGFP and were further depressed in monolayers that expressed EGFP-ZO-1 ΔU5-GuK ( Fig. 5 ; Table S1 ). When considering the heterogeneity in EGFP-ZO-1 ΔU5-GuK expression throughout the monolayer, it became clear that the degree to which occludin and PATJ recruitment was inhibited correlated directly with the extent of EGFP-ZO-1 ΔU5-GuK expression (Fig. 5, red arrows) . ZO-1
ΔU5-GuK
therefore disrupts tight junction assembly in a concentrationdependent manner. As a whole, these 2D and the preceding 3D culture data indicate that the U5-GuK region plays an essential role in epithelial polarization and barrier development, consistent with previous studies in 2D culture (Fanning et al., 2007; Ikenouchi et al., 2007; Rodgers et al., 2013) . We also report the new finding that expression of ZO-1 that lacks U5-GuK enhances ZO-2 recruitment.
ZO-1 U5-GuK domain binding partners contribute uniquely to epithelial polarization
Given the importance of the ZO-1 U5-GuK domain demonstrated above, we asked whether one of the known U5-GuK binding partners was essential for epithelial polarization. The U5-GuK region interacts directly with the actin-binding protein shroom2, the adherens junction protein α-catenin and the transmembrane tight junction protein occludin (Etournay et al., 2007; Furuse et al., 1994; Itoh et al., 1997) . Stable MDCK lines with knockdown of each of these proteins were assessed by using the Ca 2+ -switch assay ( Fig. 6A-C; Fig. S4A,B) . Despite the known ability of shroom2 to regulate cortical actin through Rho kinase isoforms (ROCK), and the established roles of Rho kinases in cyst formation and actomyosin in barrier function (Dietz et al., 2006; Hartsock and Nelson, 2008; Madara et al., 1986; Yu et al., 2008) , shroom2 knockdown had no effect on TER development after Ca 2+ switch ( Fig. 6B; Fig. S4A ). Moreover, E-cadherin, ZO-1 and PATJ were all prominently localized to cell-cell junctions within 1 h of Ca 2+ repletion ( Fig. 6C; Fig. S4B , Table S2 ).
α-catenin regulates both tight junction development and ZO-1 recruitment to tight junctions and, therefore, might also regulate epithelial organization (Capaldo and Macara, 2007; Maiers et al., 2013) . Cells lacking α-catenin (Fig. 6A) were easily detected in subconfluent cultures owing to their elongated profiles, but were morphologically indistinguishable from WT cells when grown to confluence on 2D supports ( Fig. 6C; Fig. S4B ), although the peak TER was reduced over 50% relative to that of WT monolayers ( Fig. 6B; Fig. S4A ). Development of TER was also delayed in α-catenin KD monolayers, and this correlated with retarded recruitment of E-cadherin, occludin and PATJ to junctions ( Fig. 6C; Fig. S4B , Table S2 ). Notably, PATJ and ZO-1 were not recruited to tight junctions of α-catenin-deficient cells until 12 h after Ca 2+ repletion ( Fig. 6C; Fig. S4B ). Occludin KD monolayers (Fig. 6A) were also subjected to Ca 2+ switch and exhibited an approximately 50% reduction in peak TER relative to WT controls ( Fig. 6B; Fig. S4A ). However, PATJ and ZO-1 were recruited to the tight junctions of occludin-deficient monolayers with an efficiency similar to that in WT monolayers ( Fig. 6C; Fig. S4B , Table S2 ). Taken together, these data indicate that occludin and α-catenin, but not shroom2, contribute significantly to structural and functional polarization of epithelial monolayers in 2D culture.
The U5-GuK binding partner occludin, but not α-catenin or shroom2, is necessary for the formation of single-lumen cysts
We next assessed the ability of occludin-, α-catenin-and shroom2-deficient cells to form single-lumen cysts in 3D culture. Shroom2-deficient MDCK cells formed polarized single-lumen cysts when grown in either collagen or Matrigel (Fig. 6D) , consistent with the Fig. 2. ZO-1 2D culture results and indicating that shroom2 is dispensable with respect to lumen formation.
The majority of α-catenin-deficient cells formed unusual sheetlike structures with a single lumen and large tubules extending from the main body when grown in collagen (Fig. 6D-F) . Based on the heterogeneity of cyst morphology after 11 days in culture, we hypothesize that these sheet-like structures begin as hollow cysts that extend tubules before forming single lumen sheet-like The lumen phenotype was classed as filled (green), multiple (blue) or single (red) in >100 cysts for each genotype. The mean±s.e.m. of three independent experiments is shown. *P<0.05 by two-tailed t-test comparing the single-lumen phenotype of cysts expressing ZO-1 or ZO-1 mutants to those expressing free EGFP. (C) EGFP-, EGFP-ZO-1 or EGFP-ZO-1-mutant-expressing cysts were grown in Matrigel for 4 days and immunostained for aPKCλ, gp135, α-catenin, claudin-1, occludin and ZO-2 (all shown in red) to assess polarization and tight junction organization. EGFP, green. Scale bar: 20 µm. structures (Fig. 6F) . In contrast, nearly all α-catenin-deficient cells formed well-polarized spherical cysts with a single hollow lumen when grown in Matrigel (Fig. 6D,E) . α-catenin is therefore necessary for the maintenance of spherical cyst shape in the absence of strong external polarity cues but is dispensable with respect to single-lumen formation in either substrate.
ZO-1 interactions with occludin are necessary for tight junction barrier regulation (Buschmann et al., 2013; Raleigh et al., 2011) . ZO-1-occludin interactions have not, however, been assessed with respect to morphogenesis. Like ZO-1 KD cells, occludin KD cells formed multi-lumen cysts in both collagen and Matrigel (Fig. 6D,  E) . Together with the established interaction between the ZO-1 U5- GuK region and occludin, the striking similarity of lumen phenotypes between cysts grown from ZO-1 KD and occludin KD cells suggests that the interaction between ZO-1 and occludin is necessary for single lumen morphogenesis. Further, this indicates that ZO-1 and occludin might act through similar mechanisms to control single epithelial lumen formation.
Occludin and ZO-1 both drive epithelial polarization and orient mitosis to promote single lumen formation Our 2D analyses showing delayed occludin and PATJ recruitment to cell junctions in ZO-1-deficient monolayers indicate a polarization defect in these cells. Like WT cells, both ZO-1 KD and occludin KD cysts sorted the polarity protein aPKCλ to the luminal surface, where it colocalized with F-actin (Fig. 7A ). Consistent with a polarization defect, the orientation of condensed metaphase chromatin relative to the luminal surface differed between WT and KD cells when grown in 3D (Fig. 7A ). Orientation of cell division is an early sign of polarization, and previous work has shown that recruitment of a complex comprising NuMA and LGN (also known as GPSM2) to the lateral cortex is required for cell orientation during mitoses in both chick neuroepithelium in vivo and MDCK cells in vitro (Peyre et al., 2011; Zheng et al., 2010) . Further, the NuMA-LGN complex recruits Par1b to define lumen position (Lázaro-Diéguez et al., 2013) . To better determine whether knockdown of ZO-1 and occludin was inducing a multi-lumen phenotype through similar mechanisms, we assessed NuMA localization during cell division with epithelial cysts. NuMA localized to the mitotic spindle poles of dividing cells in MDCK cysts (Fig. 7A) . Although NuMA was still recruited to spindle poles in ZO-1 or occludin KD cysts, these sites were misoriented with respect to the cyst lumen (Fig. 7A ). This suggests that NuMA recruitment is intact in the absence of ZO-1 or occludin, but that overall polarity of spindle orientation and mitosis is disrupted by deletion of either protein.
To better characterize the mitotic polarity defects in ZO-1 and occludin KD cysts, we assessed mitotic spindle orientation using live imaging of cells expressing Lifeact-GFP and H2B-mCherry, which decorate F-actin (Riedl et al., 2008) and chromatin, respectively. These markers were used to define a plane at the luminal surface between two dividing cells and a line connecting the two sets of chromosomes at anaphase. This angle is 0°when dividing cells are oriented parallel to the luminal surface (Fig. 7B) . As expected, this process was tightly controlled in WT cysts, with the majority of divisions within 15°of 0°(in either direction) and a median of 7.7°±2.2°(±median absolute deviation) (Fig. 7C,D ; Movie 1). In contrast, orientation of cell division was markedly disrupted in ZO-1 and occludin KD cysts, with 60% of divisions greater than 15°of the luminal surface and >30% occurring at angles over 30°for both ZO-1 KD (Fig. 7C,D ; Movie 1) and occludin KD cells (Fig. 7C,D) . Median orientations were 17.0°±4.2°and 16.7°± 2.9°for ZO-1 or occludin KD cysts, respectively. Taken together, these data indicate that ZO-1 and occludin are both required for the earliest phases of polarization within multicellular epithelial structures. Further, these data suggest that ZO-1-occludin interactions regulate this polarization, and that lack of either partner results in defective spindle orientation and multi-lumen cyst development.
Full-length, but not ZO-1-binding defective, occludin restores single lumen formation
The phenotypic similarities between ZO-1 and occludin KD cysts, as well as the failure of ZO-1 ΔU5-GuK , which cannot bind to occludin, to rescue these defects strongly suggest that the binding interaction between these two proteins is essential for epithelial polarization, spindle orientation and single-lumen cyst development. We therefore questioned whether an occludin mutant lacking the coiled-coil ZO-1-binding domain OCEL was able to restore these processes (Fig. 8A,B) . Because previous studies have linked defective mitotic spindle orientation directly to the multi-lumen phenotype (Durgan et al., 2011; Hao et al., 2010; Jaffe et al., 2008; Qin et al., 2010; Rodriguez-Fraticelli et al., 2010; Xia et al., 2015; Zheng et al., 2010) , we relied on the strong phenotype of single-versus multi-lumen cyst formation as both a morphogenetic indicator and marker of early polarization processes -e.g. spindle orientation.
Expression of EGFP-occludin in occludin KD epithelia more than doubled the number of single-lumen cysts that formed, with an increase of 117%±12% (Fig. 8C,D) . In contrast, expression of EGFP-occludin ΔOCEL , which cannot bind to ZO-1 (Li et al., 2005) , increased single-lumen formation minimally (16%±1%). The ZO-1-binding OCEL domain of occludin is therefore necessary for single-lumen formation. The development of single-lumen cysts indicates that preceding processes, including spindle orientation, are corrected by occludin that can bind ZO-1 but not by occludin that cannot. Together with the failure of ZO-1 ΔU5-GuK to correct singlelumen formation, these data show that occludin and ZO-1 regulate epithelial polarization through direct interactions with one another.
DISCUSSION
How epithelial tissues form and maintain organized structures with solitary lumens is a fundamental question. Although the substrate that cells are cultured in regulates some aspects of lumen formation, cell-intrinsic factors also impact the ability of epithelia to establish and maintain polarity . This is demonstrated by a number of described cell lines that fail to form single-lumen cysts, even when cultured in the presence of strong external polarization cues . Herein, we report that ZO-1 is a cell-intrinsic determinant of epithelial polarization and lumen formation through coordination of Fig. 6 . ZO-1 U5-GuK domain binding partners contribute to protein trafficking and morphogenesis in 2D and 3D cultures. (A) Protein lysates from confluent WT, shroom2 KD, α-catenin KD and occludin KD monolayers derived from the indicated clones were immunoblotted for ZO-1, occludin, shroom2, PATJ and α-catenin. E-cadherin (E-cad) and β-actin were probed as loading controls. Data are representative of three independent experiments. (B) Development of TER in WT, shroom2 KD, α-catenin KD and occludin KD monolayers after Ca 2+ repletion. The mean±s.e.m. from one experiment is shown, representative of three similar studies, each performed in triplicate. (C) Monolayers were immunostained for ZO-1 (red) and PATJ (green) at the indicated times after Ca 2+ repletion. Representative images from three independent experiments are shown. Scale bar: 10 µm. Grayscale images of each channel are shown in Fig. S4B. (D) Cysts grown from WT, shroom2 KD, α-catenin KD and occludin KD cells in either collagen or Matrigel were stained for F-actin (green, phalloidin) and nuclei (blue, Hoechst 33342). Yellow arrowheads denote lumens, and red arrowheads denote F-actin protrusions from the basal surface of α-catenin KD structures in collagen gel. Representative images from three independent experiments are shown. Scale bars: 25 µm. (E) Lumen phenotypes of mature cysts under each culture condition (collagen or Matrigel) were classified as single lumen (red), multi-lumen (blue) or sheet-like (green). The mean±s.e.m. of >100 cysts from each of at least three independent experiments per condition are given. *P<0.05 by two-tailed t-test comparing the percentage of single-lumen WT versus KD cysts under a given culture condition. (F) α-catenin KD cysts were grown in collagen gels for 11 days and stained for F-actin. Images demonstrate the heterogeneity in the 3D structures formed from α-catenin (α-cat) KD cells and are arranged from left to right as an interpretation of sequential progression from spherical cysts, to cysts with extensions, to cysts with tubules, and finally, sheet-like structures. Insets show F-actin accumulation at basal protrusions. Scale bars: 25 µm.
multiple cellular processes, including mitotic spindle orientation. Further, we implicate a specific interaction between ZO-1 and occludin in this process.
Defective spindle orientation was evident in 3D cultures of either ZO-1 KD or occludin KD cells. This is profound given that orientation within the plane of an epithelium contributes to epithelial homeostasis and organogenesis. In fact, many cell lines now known to misorient mitotic spindles during 3D morphogenesis were initially characterized as polarizing slowly, a phenotype that we also observed in ZO-1-deficient monolayers (Jaffe et al., 2008; Martín-Belmonte et al., 2008; Qin et al., 2010) . During mitosis, dividing cells undergo cortical actin reorganization to assume a characteristic rounded morphology. This is thought to anchor both intracellular components of the mitotic machinery, such as the dynein-dynactin motor complex, through astral microtubules and to provide a means of communication with the neighboring environment to control spindle polarization within the plane of an epithelial tissue (Lancaster and Baum, 2014) . Studies in both model * * Fig. 7 . Occludin and ZO-1 orient mitosis to promote single lumen formation. (A) WT, ZO-1 KD and occludin KD cysts were grown in Matrigel for 4-6 days and stained for nuclei (blue, Hoechst 33342), F-actin (green, phalloidin) and either aPKCλ (red, top panels) or NuMA (red, bottom panels). White arrows depict condensed metaphase chromatin, and yellow arrowheads indicate NuMA localization at mitotic spindle poles. Scale bar: 25 µm. (B) Method of angle calculation relative to the luminal surface (depicted in green) in a correctly oriented (top) and misoriented (bottom) division event. The magenta line demarcates a plane tangential to the luminal surface, and the blue line indicates a vector between daughter nuclei (red). Black arcs indicate the calculated angle of cell division. (C) Orientation of cell division for WT (n=19), ZO-1 KD (n=26) and occludin KD (n=30) cells. Brackets depict median±median absolute deviation. *P<0.05 by twotailed t-test compared to WT. (D) Orientation of cell division was observed in WT, ZO-1 KD and occludin KD cysts expressing Lifeact-sfGFP (green, F-actin) and H2B-mCherry (red, chromatin) by performing live imaging. Representative images of cysts immediately after a cell division event are shown. Right-most images depict the methodology of angle calculation in which the dotted line demarcates the luminal surface and the solid line indicates a vector between daughter nuclei. Scale bar: 10 µm.
organisms and mammalian cell lines conclude that multiple regulators of the actin cytoskeleton, such as Rho kinases, Cdc42 and ERM-family proteins, are necessary for correct spindle orientation (Jaffe et al., 2008; Kunda et al., 2008; Nakajima et al., 2013; Yu et al., 2003) . Studies in both Drosophila and mammalian cells also indicate that specific basolateral junctional proteins help to polarize cell division, raising the possibility that cell-cell junctions can cooperate with the cortical cytoskeleton to transmit external forces to orient cell division (den Elzen et al., 2009; Nakajima et al., 2013; Tuncay et al., 2015) . Interestingly, the prototypical adherens junction protein E-cadherin is necessary for both mitotic orientation within confluent MDCK monolayers and for ZO-1 recruitment to tight junctions during epithelial development (Capaldo and Macara, 2007; den Elzen et al., 2009; Rajasekaran et al., 1996) . Together with our results, these data suggest that tight and adherens junctions cooperate to guide polarization of the mitotic spindle.
The junctional protein ZO-1 might orient cell division through its effect on cortical actin organization. Indeed, studies of cells that lacked both ZO-1 and ZO-2 indicate that these proteins, and specifically the ZO-1 U5-GuK region, are necessary for cortical actin organization (Fanning et al., 2012; Ikenouchi et al., 2007; Rodgers et al., 2013) . This function of the U5-GuK region could explain the absolutely essential role we report for the U5-GuK region in both tight junction formation and epithelial morphogenesis. The effect must, however, be more complex given that the U5-GuK region does not bind to actin. Alternatively, one could propose that the essential function of the U5-GuK region stems from its requisite role in targeting ZO-1 to the tight junction. This, however, cannot explain the correlation of the severity of the 2D polarization defect with the magnitude of ZO-1 ΔU5-GuK expression. It is, therefore, most likely that ZO-1
ΔU5-GuK
regulates proteins that bind to other ZO-1 domains. Potential effectors include PATJ, which binds to ZO-1 through ZO-3 and claudin-1 in a manner that has been proposed to promote PATJ recruitment to tight junctions (Roh et al., 2002) , as well as the transcription factor ZONAB (also known as YBX3) and the Cdc42 guanine nucleotide exchange factor (GEF) tuba (also known as DNMBP), both of which interact directly with ZO-1 (Balda and Matter, 2000; Otani et al., 2006) . Consistent with this hypothesis, tuba recruitment to tight junctions is delayed upon ZO-1 depletion, and ZONAB and tuba have both been implicated in 3D morphogenesis through proliferative control and orientation of cell division, respectively (Otani et al., 2006; Sourisseau et al., 2006) . Although the U5-GuK region is essential for setting up a functional tight junction protein network, we also considered the possibility that specific known U5-GuK-mediated interactions are necessary for epithelial morphogenesis. α-catenin depletion markedly delayed tight junction assembly but did not result in the formation of multiple-lumen cysts when grown in 3D cultures. This could reflect the fact that α-catenin KD cells do not have an isolated tight junction defect given that adherens junction assembly was severely disrupted.
Like ZO-1, the U5-GuK binding partner occludin also acts to orient cell division and promotes single lumen formation. However, unlike ZO-1, occludin does not elicit an apparent effect on cortical actin organization or recruitment of tight-junction-associated polarity proteins to the tight junction. Thus, although ZO-1 interactions with F-actin are essential for spindle orientation -i.e. multi-lumen cysts form when ZO-1 ΔABR cysts are grown in collagen gels -such interactions cannot fully explain the data presented here. One other factor that could be considered is tissue tension, which has been proposed to be a determinant of spindle orientation within epithelia. Regulation of tension in an epithelial cyst is likely to require consistent luminal pressure in addition to regulation of ΔOCEL were grown to confluence, and occludin KD and transgene expression was confirmed by immunoblotting lysates for occludin and EGFP. E-cadherin and β-actin were used as loading controls. (C) Occludin KD cells expressing either EGFP-occludin or EGFPoccludin ΔOCEL were grown for 4-6 days in Matrigel and stained for F-actin (red, phalloidin). Scale bar: 25 µm. (D) The lumen phenotype of mature cysts expressing either EGFP-occludin or EGFP-occludin ΔOCEL was scored as being a single or multiple lumen for >100 cysts in three independent experiments, each in triplicate. Mean±s.e.m. of the percentage of single-lumen cysts in three independent experiments. *P<0.05 by two-tailed t-test compared to occludin KD. cortical actin. Our studies indicate that ZO-1 depletion results in diminished epithelial barrier function and a macromolecular barrier defect, a finding that is consistent with previously published data in 2D cultures (Van Itallie et al., 2009) . Similar barrier defects have been observed upon occludin loss in 2D cultures, and a direct interaction between ZO-1 and occludin has been implicated in barrier regulation during homeostasis and in response to pathogenic stimuli (Buschmann et al., 2013; Marchiando et al., 2010; Raleigh et al., 2011; Van Itallie et al., 2010; Yu et al., 2005a) . Our data support a model in which occludin recruitment to the tight junction, and tight junction assembly itself, is downstream of ZO-1 recruitment, as ZO-1 knockdown delayed occludin recruitment, but occludin knockdown did not delay ZO-1 recruitment, to junctions. One could therefore speculate that loss of ZO-1-occludin interactions prevents development of luminal pressure and eliminates the physical force that promotes mitotic spindle orientation. This idea is supported by our observation that ZO-1 and occludin both orient cell division and regulate the paracellular barrier to macromolecular flux. We did assess the effect of increased luminal tension on mature multi-lumen cysts; however, it remains possible that increased luminal pressure could partially correct spindle orientation defects in ZO-1 or occludin KD epithelia. This, however, is unlikely to be the entire explanation for the defects we report, given the genesis of predominantly single-lumen cysts when ZO-2 and ZO-1 were both depleted. Further work is therefore needed to test the hypothesis that the tight junction barrier contributes to maintenance of global tissue forces that direct spindle orientation and overall morphogenesis of epithelium-lined hollow organs.
Our observations are also consistent with the in vitro observation that occludin loss in transformed cells leads to failure of epithelial morphogenesis and development of complex multilayered epithelial structures in 2D culture (Li and Mrsny, 2000) . Other studies have shown that extrusion of apoptotic cells is ineffective in occludindeficient epithelia (Yu et al., 2005a) and that occludin KD epithelia fail to correctly activate Rho signaling and remodel actin structure in response to stress (Yu et al., 2005a) . These data further suggest that the tight junction barrier is crucial for the maintenance of global tissue forces that direct spindle orientation and overall morphogenesis of epithelium-lined hollow organs. It is notable that, although occludin-knockout mice do not have an obvious intestinal phenotype (Saitou et al., 2000; Schulzke et al., 2005) , these mice do have chronic hypertrophic gastritis, testicular atrophy and male sterility, cerebral calcifications, aberrant salivary gland structure and osteopenia (Saitou et al., 2000) . Finally, it is important to recognize that no publications have reported stress responses in occludin-knockout mice, although other work has shown that occludin overexpression within intestinal epithelial cells prevents tumor-necrosis-factor-induced barrier loss and diarrhea in vivo .
Another major finding is that the ZO-1 ABR is indispensable for epithelial polarization in the absence of strong external cues. Despite the direct binding of ZO-1 and ZO-2, and therefore transmembrane tight junction proteins through ZO-1-ZO-2 interactions, to the actin cytoskeleton, most studies of the ABR in 2D cultures have identified little or no significant contributions to paracellular barrier function or cortical actin organization (Rodgers et al., 2013; Van Itallie et al., 2009) . On the contrary, other studies have demonstrated a regulatory function whereby the ABR stabilizes ZO-1 at the tight junction and is necessary for myosin light chain kinase (MLCK)-dependent ZO-1 trafficking and barrier regulation (Yu et al., 2010) . The data here further support a model in which, without the ABR, ZO-1 scaffolding functions are diminished and ZO-1 is unable to effectively facilitate complex interactions (Shen et al., 2008; Yu et al., 2010) . Nevertheless, our results indicate that a direct link with F-actin through the ABR is required for ZO-1 to regulate epithelial morphogenesis in some environments.
In summary, we provide direct experimental evidence that the structural tight junction proteins ZO-1 and occludin orchestrate epithelial lumenogenesis. Our data support a model in which a ZO-1 U5-GuK interaction with the occludin OCEL domain promotes formation of a single lumen by providing the cues necessary for polarization of cell division. The broad application of this result during organ development will be an important future direction. It is also notable that altered expression of both ZO-1 and occludin has been reported in tumors, where complex multi-lumen, or cribriform, morphologies are common. Whether loss of ZO-1-or occludindependent single-lumen formation impacts progression of glandular cancers -i.e. adenocarcinomas -remains to be determined. Overall, these data provide a framework for future studies of tight-junctiondependent epithelial morphogenesis.
MATERIALS AND METHODS
Cell lines and plasmids
All cells were derived from the T23 clone and maintained in Dulbecco's modified Eagle's medium (DMEM) with geneticin and puromycin (Barth et al., 1997) . ZO-1 KD clone 4D3 was cultured with zeocin (Van Itallie et al., 2009) . Occludin KD clones F36 and F52 were cultured with hygromycin B (Yu et al., 2005a) . ZO-1/ZO-2 double-KD clones were cultured in T23 medium with zeocin and blasticidin (Fanning et al., 2012 ). All lines were tested quarterly for mycoplasma.
Human ZO-1 cDNA was mutated to evade targeting by small hairpin (sh) RNA (Van Itallie et al., 2009 ). ZO-1 ΔABR and ZO-1 ΔU5-GuK constructs, lacking amino acids 1159-1383 and 591-803, respectively, were cloned downstream of an N-terminal EGFP tag and tet-responsive promoter. Shroom2 KD and α-catenin KD cells were generated using pSUPER shroom2 shRNA 5′-GAGCAGGGAAGGTGGGAAA-3′ or pSUPER α-catenin shRNA 5′-GGCTAACAGAGACCTGATA-3′ (Maiers et al., 2013) .
3D culture
3×10
3 cells in collagen (Advanced BioMatrix, San Diego, CA, USA) were plated onto 96-well plates incubated at 37°C before addition of medium. A thin coat of Matrigel (Corning) was applied to a chambered cover glass (Nalge Nunc International), solidified at 37°C and plated with 2.5×10 3 cells in 2.5% Matrigel.
Cyst permeability and swelling assay
Cysts were grown in Matrigel. At day 10, Phenol-Red-free medium containing 0.5 mM Lucifer Yellow and 1 g of l 3-kDa Texas-Red-Dextran was added for 16 h. Cultures were then perfused with normal medium (permeability assay) or with medium containing 300 mM sucrose (swelling assay). z-stack images were collected every 10 min for 120 min using a DMI6000 microscope (Leica Microsystems, Wetzlar, Germany) within an enclosure at 37°C under 5% CO 2 with a 40×0.6 NA HCX PlanFluotar objective and a Rolera-EMC2 camera (QImaging, Surrey, British Colombia, Canada). Cross-sectional area and average fluorescence intensity of the lumen was calculated using MetaMorph7 software (Molecular Devices).
Ca
2+ -switch assay 1.5×10 5 cells were plated on a 0.33-cm 2 surface area of 0.4-µm-pore Transwell inserts (Corning). After 72 h, monolayers were washed and incubated for 16 h in Ca 2+ -free minimal essential medium containing 10% dialyzed FBS and 15 mM HEPES. This was then replaced with standard DMEM containing Ca 2+ , and the TER was measured using an EVOM instrument (World Precision Instruments).
Immunostaining Collagen gels were treated with 100 U/ml collagenase type VII (Sigma) for 15 min at 37°C. Both collagen and Matrigel cultures were fixed with 2% PFA for 30 min at room temperature, permeabilized with 0.5% Triton X-100, washed with 100 mM glycine and blocked in 0.2% Triton X-100, 0.1% BSA, 0.05% Tween-20 and 10% normal goat serum in PBS. Monolayers were stained using a similar protocol. Antibodies are given in Table S3 .
Stained samples were visualized using a Marianas system equipped (3i, Denver, CO, USA) with Zeiss 40×, NA 1.3 oil immersion objective (cysts) or 100× NA 1.45 oil immersion objective (monolayers) and Evolve10 camera (Photometrics) or a Leica DMI6000 instrument with a 63× NA 1.3 glycerol immersion objective and Retiga EXi Fast 1394 camera (QImaging). Both systems were equipped with CSUX Yokogawa spinning discs.
Quantification of junctional protein localization
Using full-thickness maximum intensity projections and ImageJ, two regions were drawn in each cell, one outside (region #1) and one inside the junction (region #2). The area in pixels (A), and the mean, minimum and maximum pixel intensities (PI) were collected. Background pixel intensity (P BKG ) was taken as the minimum pixel intensity. Total fluorescence intensity was calculated for each region as:
Total fluorescence intensity (TFI)=(A)*(PI mean −P BKG ).
The junctional fluorescence intensity (FI Junction ) was calculated as: TFI Region1 -TFI Region2 .
The percentage fluorescence intensity at the tight junction was calculated as: 100×(FI Junction /TFI Region1 ).
Orientation of cell division
Cysts were grown as Matrigel overlays for 4 days and imaged using the 63× glycerol immersion objective and CSUX-equipped DMI6000 microscope (described above) with an iXon Ultra 897 camera in a chamber at 37°C under 5% CO 2 . z-stacks with 1-µm steps were collected at 5-min intervals. To calculate orientation, the z-stack immediately following division was opened in Imaris8 software (BitPlane, Zürich, Switzerland). The surface tool was used to generate a surface from each daughter nucleus; the center position was used to calculate a unit vector between the two daughter nuclei. The oblique slicer tool was aligned tangential to the luminal surface where cell division was occurring. Three points were placed along the aligned oblique slicer tool to define the plane of the luminal surface, and the angle between this plane and the vector between the two daughter nuclei was calculated. Group summary data are presented as median±median absolute deviation.
Western blots
Confluent monolayers were lysed and scraped into non-reducing Laemmli sample buffer, and 15 µg of protein was loaded. SDS-PAGE and transfer to PVDF membrane were as described previously (Wang et al., 2006) . Membranes were probed with primary antibodies (Table S3) and horseradish-peroxidase-conjugated secondary antibodies (Cell Signaling). Detection used HyBlot chemiluminescence film (Denville Scientific, South Plainfield, NJ). Band densities were quantified using ImageJ.
